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Abstract
Determination of the junctional conductance (gj) in TM3 Leydig cells by the dual whole cell patch clamp technique
(DWCPC) shows that coupling undergoes a rapid and irreversible run down. Addition of ATP or cAMP derivatives to the
pipette solution has been shown to prevent this phenomenon in several tissues, but this same treatment is unable to inhibit
run down in Leydig cells. Because the run down in junctional conductance may pose serious problems to the interpretation of
results, we also measured gj by using the double perforated patch clamp technique (DPPT). Access to the cell interior was
achieved by adding 200 Wg/ml of nystatin to the pipette solution. With this method, run down in gj was greatly reduced,
amounting to no more than 5% of the initial value. Exposure of the cells, under DWCPC or DPPT, to dibutyryl cAMP or to
tumor promoting agent (TPA) led to a decrease in cell to cell communication. Staurosporine, a PKC inhibitor, increased gj
and was able to prevent and reverse the uncoupling action of cAMP or TPA. Our results indicate that cell-cell
communication in Leydig cells is down regulated by both protein kinases A and C, interacting in a complex manner. ß 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction
Present in virtually all metazoan tissues, gap junc-
tions are involved in both relaying signals in excit-
able tissues and maintaining metabolic continuity be-
tween adjacent cells [1]. They are formed by a group
of integral membrane proteins, the connexins, that
comprise a family of closely related molecules, clas-
si¢ed according to their molecular weight [2]. Fifteen
connexins have been described so far, which can join
to form homomeric or heteromeric connexons (hemi-
channels). These in turn can form homotypic or het-
erotypic channels by interactions of the extracellular
loops of the connexins [3].
Two methods have been used to quantify the elec-
trical conductance of the gap junctions: (1) dual
whole cell patch clamp technique (DWCPC), a direct
variant of the patch clamp technique and (2) the
double perforated patch clamp technique (DPPT).
The disadvantages of the WCPC method are re-
lated to the loss of soluble constituents of the cell
cytoplasm to the patch electrode. This dialysis has
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been implicated in the loss of cellular responsiveness
to stimulants or the shift in voltage dependent pro-
cesses due to a slowly developing di¡usion potential.
To slow run down, or prevent this washout, Lindau
and Fernandez [4] developed a ‘slow whole cell re-
cording’ using high concentrations of ATP to per-
meabilize the membrane under the pipette tip. Later,
Horn and Marty [5] applied this method to many
other cell types by using the ionophore nystatin, in-
stead of ATP. This same procedure has also been
used to study gap junctions [6,7].
Cellular interactions are essential for adequate
function of many di¡erent cell types present in the
testis [8]. Cells in testicular tissues are coupled by gap
junctions, and ¢ve di¡erent connexins have been
identi¢ed [9,10]. Freshly isolated Leydig cells show
electric and metabolic coupling and connexin43 has
been implicated in this process [11,12]. Some of the
electric characteristics of the junction were deter-
mined in this preparation, but modulation processes
have not yet been extensively studied.
In the present work we analyze the regulatory
mechanisms that determine gap junction functioning
in TM3 cells, a cell line derived from mouse Leydig
cells. Our results show that treatment of these cells
with cAMP or tumor promoting agent (TPA) leads
to uncoupling, implying that protein phosphory-
lation acts to reduce communication between these
cells.
2. Materials and methods
2.1. Cells and culture
TM3 Leydig cells (American Type Culture Collec-
tion) were dispersed, plated onto small glass slides
and cultured at low density for 12 to 24 h prior to
the experiment. Cells were grown in a mixture of
Ham F-12 medium plus Dulbecco’s modi¢ed Eagle
medium (1:1, v:v), supplemented with 5 mM
NaHCO3, 15 mM (N-[2-hydroxyethyl]piperazine-NP-
[4-butanesulfonic acid] (HEPES), 7.5 to 10% Fetal
bovine serum, and 1% of penicillin-streptomycin,
pH 7.4. For the electrophysiological recordings cells
were transferred to Hanks’ balanced salt solution
(HBSS) containing: 145.6 mM NaCl; 4.6 mM
KCl; 1.3 mM MgCl2 ; 1.6 mM CaCl2 ; 5.0 mM
NaHCO3 ; 10 mM HEPES; 10 mM Glucose; pH
7.4 adjusted with NaOH. The pipette solution con-
tained: 120 mM CsCl; 20 mM tetra ethyl ammonium
chloride (TEA); 1 mM MgCl2 ; 1.5 mM ethylene
glycol-bis-(L-aminoethyl ether (EGTA); 10 mM
HEPES; 5 mM ATP; 1038 M free Ca2 ; pH 7.2^
7.3 adjusted with KOH. For DPPT experiments 200
Wg/ml of nystatin was added to the pipette solution.
As a rule the pipette tip was ¢rst ¢lled with the con-
trol solution and then back-¢lled with the solution
containing nystatin. This was necessary in order to
ensure sealing of the pipette to the cell membrane
and to avoid di¡usion of nystatin to the bathing so-
lution. Nystatin was ¢rst dissolved in DMSO (5 mg/
ml), stored frozen in small aliquots and diluted to its
¢nal concentration just before use.
2.2. Electrophysiology
Coverslips containing pairs of cells were placed on
a chamber on the stage of an inverted microscope
(Nikon TMD) and observed with phase-contrast op-
tics. Electrodes were pulled from borosilicate glass
capillaries (Sutter Instruments, BF150-86-15) in a
horizontal puller (Sutter Instruments, model P-97)
and their tips were heat polished. Electrode resistan-
ces ranged between 2 and 5 M6 when ¢lled with the
pipette solution. After forming a G6 seal (5^10 G6)
the whole cell or perforated patch con¢guration was
attained. In DWCPC, the presence of coupling be-
tween Leydig cells was instantaneously recorded. In
DPPT it was necessary to wait a reasonable time
(around 15 min) until enough nystatin pores had
formed before junctional currents could be recorded.
Coupling between cells pairs was measured by
clamping the voltage of both cells at 0 mV, and
then applying pulses of 10 mV amplitude and 300
ms of duration, every 3 s, to one cell of the pair to
create a transjunctional potential di¡erence (Vj). The
current registered in the other cell of the pair, which
had its potential kept constant, was the transjunc-
tional current (Ij). The same procedure applied to
the other cell of the pair allowed Ij to be determined
with the opposite voltage polarity across the junc-
tion. Access resistances were between 9^12 M6 in
DWCPC and between 15^17 M6 in DPPT. These
resistances were always electronically compensated,
but compensation was limited to 90% of the total
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value. No further corrections for access resistances
were made thereafter. Cell capacitance was around
19 pF and was also electronically compensated. In-
put resistances were larger than 1 G6. Current sig-
nals from both cells were recorded using two patch
clamp ampli¢ers (Axopatch 1D), connected to the
solutions via Ag/AgCl electrodes and salt bridges.
The signals were low pass ¢ltered at 200 Hz and
sampled at 500 Hz when measuring steady-state
junctional conductance, or ¢ltered at 1 kHz and
sampled at 5 kHz when measuring the voltage de-
pendence of the junctional conductance. Signals were
fed to a microcomputer hard disk by an A/D con-
verter (LabmasterTL-1). Acquisition and o¡ line
analysis were performed using the software PClamp6
and Axotape (Axon Instruments, CA, USA).
All chemicals were purchased from Sigma and
were reagent grade. Solutions were made with doubly
distilled water and experiments conducted at room
temperature (25‡C).
3. Results
Under control conditions the junctional conduc-
tance in TM3 cells, as determined by DWCPC im-
mediately after breaking into the cell, has a mean
value of 10.3 þ 0.6 nS (mean þ S.E.M., n = 107),
with most of the values in the range between 2 and
15 nS (Fig. 1B). Measurements of gj with the use of
nystatin in the pipette are shown in Fig. 1A, with an
average of 9.4 þ 0.9 nS (mean þ S.E.M., n = 73). Both
techniques yielded results for gj that are not statisti-
cally di¡erent (Ps 0.39; t-test).
Nonetheless the use of the DWCPC technique to
determine the junctional conductance in Leydig cells
always results in a gradual and steady decrease in gj,
a phenomenon known as ‘run down’. The time
course for this run down is sometimes very fast, junc-
tional conductance decaying to half of its initial val-
ue in about 10 min. This rapid decay may impose
constraints on the interpretation of e¡ects which
have a similar time course for completion.
Since in other cell types phosphorylating treat-
ments are reported to prevent run down we decided
to test the e¡ects of agents known to stimulate pro-
tein kinases in TM3 cells. To activate PKA we used
dibutyryl cAMP (db-cAMP) at concentrations of
100, 200, 500 and 1000 WM, and to activate PKC,
TPA was used at concentrations ranging from 10 to
500 nM. Results of such experiments are shown in
Table 1. Contrary to our initial expectations both
Fig. 1. Frequency distribution of the junctional conductances of TM3 cells. The graph marked DPPT shows results for cell pairs
where the junctional conductance was measured with the use of nystatin in the pipette. The average conductance was 9.4 þ 0.9
(mean þ S.E.M., n = 73 cells). DWCPC shows results obtained by breaking into the cell with suction. In this case the reported values
of conductance are those measured as soon as possible after establishing the double whole cell condition. In this condition the average
junctional conductance was 10.3 þ 0.6 (mean þ S.E.M., n = 107 cells). The bin size in each case corresponds to 2 nS. The insets show
sample traces of current records measured under each condition. I1 and I2 indicate currents in cell 1 and 2, respectively, in response
to voltage pulses of 310 mV applied alternately to each cell of the pair.
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drugs induced a marked decrease in gj which was
dependent on the dose applied.
Fig. 2 shows representative experiments illustrating
the time course of uncoupling induced by 50 nM
TPA (A) or 500 WM cAMP (B). Although run
down is evident during the control period, in Hanks’
solution, it is clear that the rate of decay in gj is more
pronounced after treating the cells with the drugs. It
is also clear that washing out the drugs leads to a
partial recovery of the junctional conductance, indi-
cating that both drugs are e¡ectively acting to reduce
gj. It follows from these observations that run down
can not be entirely responsible for the decrease in
junctional conductance observed after treatment
with the drugs. In 22 experiments 500 WM db-
cAMP produced a reduction in gj of approximately
37.2 þ 2.5% of its initial value. Similarly, 50 nM TPA
reduced gj by 30.5 þ 2.9% of the initial value in 14
experiments (Table 1). Therefore, both TPA and db-
cAMP, whose actions lead to protein phosphory-
lation, decrease gj and can not prevent run down in
TM3 Leydig cells.
To investigate if cytoplasmic factors are responsi-
ble for maintaining gap junction functional integrity
and thus prevent run down and/or the observed drug
e¡ects, we decided to study the temporal variation in
gj using DPPT. Fig. 3 shows the time course for
spontaneous run down using DWCPC compared to
the same measurement using DPPT. With the use of
nystatin in the pipette it takes about 5 min after
establishing a seal before any junctional current can
be detected, and another 10 to 15 min until the cur-
rent reaches its maximal stable value. However if we
compare the slopes for the spontaneous run down
using both methods in experiments were we recorded
for more than 10 min before doing any experimental
maneuver we observe that while conductance falls at
a rate of 4.2 þ 0.01 (n = 15)%/minute using DWCPC,
it only reaches a rate of 0.18 þ 0.03 (n = 7)%/min us-
ing DPPT. The perforated patch technique reduces
Fig. 2. TPA and cAMP decrease junctional conductance. Both measurements where done in pairs of Leydig cells using DWCPC. (A)
Shows the e¡ect of TPA (arrow) on gj. (B) Shows the e¡ect of 500 WM db-cAMP (arrow) on the junctional conductance. Conduc-
tances were normalized to the largest conductance value measured under control conditions. Washing out the drugs from the bathing
solution (arrows) led to a partial recovery of the drug e¡ect on junctional conductance in both cases. In these examples TPA reduced
gJ by about 50% and db-cAMP by about 30%. Note that the rate of decay of gj becomes much more pronounced after applying the
drugs than during the control measurement.
Table 1
Average percent inhibition of the junctional conductance (gj) by di¡erent doses of db-cAMP and TPA under DWCPC
db-cAMP TPA (nM)
Doses (WM) Decrease in gj (%) Doses (nM) Decrease in gj (%)
100 34.1 þ 1.8 (n = 14) 10 23.2 þ 1.2 (n = 8)
200 32.8 þ 2.9 (n = 12) 50 30.5 þ 2.9 (n = 14
500 37.2 þ 2.5 (n = 22) 500 41.0 þ 8.0 (n = 2)
1000 53.8 þ 6.7 (n = 4) ^ ^
n Refers to the number of cell pairs studied in each condition. Values are mean þ S.E.M.
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run down to less than 5% of its value using the con-
ventional dual whole cell technique, in the same time
scale, thus making possible to record for much lon-
ger times (25 min for DWCPC (n = 50) versus 90 min
for DPPT (n = 8)).
Next we investigated if, under DPPT, treatments
that stimulate or inhibit PKC and PKA were still
able to modulate junctional conductance. On average
500 WM cAMP reduced gj by 41 þ 3.8% (n = 11) and
50 nM TPA by 56 þ 4% (n = 9) even under DPPT,
where run down is not signi¢cant. Fig. 4 illustrates
experiments where after reaching the maximal value
for gj using DPPT, cells were treated with the PKC
inhibitor staurosporine (1 WM) and then with either
1 mM db-cAMP (Fig. 4a) or 50 nM TPA (Fig. 4B).
Staurosporine by itself increased gj by as much as
40% (mean 20.2 þ 4.3%; n = 10) above its initial val-
ue. After washing out the staurosporine, treatment of
the cells with either db-cAMP or TPA, leads to a
reduction in the junctional conductance. Both e¡ects
can be partially reversed by re-introducing stauro-
sporine back in the bathing solution. These results
directly suggest that treatments which increase pro-
tein phosphorylation uncouple TM3 Leydig cells.
Fig. 5 shows the voltage dependence of the con-
ductance measured under DPPT. The shape of the
curve relating conductance to voltage is not charac-
teristic of a particular connexin type. While the val-
ues for Vo ( þ 39.8 mV) are similar to those reported
for connexin45 the slope A, which expresses the volt-
age sensitivity of the transition between the closed
and open states of the channel, is closer to the value
reported for connexin43 [13]. This result may indi-
Fig. 4. E¡ect of staurosporine on gj. Following a control period, staurosporine (1 WM, arrow 1 in both A and B) was added to the
perfusate. gj increased by about 40% in (A) and 25% in (B) from its control value. Washing out the drug (arrow 2 in both graphs) in-
duces a small decrease in conductance. Arrow 3 indicates the addition of 1 mM db-cAMP (A) or 50 nM TPA (B) to the solution per-
fusing the chamber. In both cases there is a pronounced decrease in the junctional conductance, which can be partially reversed by re-
introducing 1 WM staurosporine in the presence of either cAMP (A, arrow 4) or TPA (B, arrow 4) to the bathing solution. Data
obtained under DPPT with nystatin in the pipette.
Fig. 3. Run down in gj. Filled circles refer to gj measured with
the conventional DWCPC technique. The line is the best linear
¢t to the ¢rst 11 experimental points (r = 0.99) and the slope
corresponds to a 3.4% drop in normalized conductance/min.
Filled squares refer to gj measured with the perforated patch
technique (DPPT). The line is the best linear ¢t to the last 26
experimental points of the plot (r = 0.95) and the slope corre-
sponds to a 0.16% drop in conductance/min. Run down is 25
times slower when nystatin is used to gain access to the intra-
cellular medium than when the membrane is ruptured by suc-
tion. Normalization was done as described in Fig. 2. The exam-
ple shown here for DWCPC represents one of the most
extreme spontaneous decays observed. Even so, gj takes around
10 min to decay 30% of its initial value.
BBAMCR 14622 5-4-00
J.M. Cristancho et al. / Biochimica et Biophysica Acta 1496 (2000) 325^332 329
cate that gap junctions in TM3 Leydig cells are com-
prised by more than one connexin type.
4. Discussion
In this study we show that TM3 Leydig cells are
electrically coupled in a manner similar to what has
been described for freshly dissociated Leydig cells
from mouse testis. Under control conditions the
junctional conductance in TM3 cells is usually below
20 nS, with a mean around 10 nS, independent of the
method used to measure it and very close to the
value measured in freshly isolated cells [11,12]. The
voltage dependence of Gj (Fig. 5), not typical of a
single connexin, suggests the presence of more than
one connexin type in the TM3 cells. In this regard it
is worth noting that at least ¢ve di¡erent connexins
have been shown to exist in the testis [9,10,14] and
we have identi¢ed multiple connexins in TM3 cells
by RT-PCR (unpublished results). This gives the
chance for the assembly of multiple homo- or hetero-
meric channels in the junctional plaque, explaining
the rather uncharacteristic symmetric voltage depen-
dence recorded.
When we used the DWCPC technique, the junc-
tional conductance ran down with time, introducing
some additional complication in the interpretation of
the results. Many laboratories report that run down
can be prevented, or at least reduced, by adding sub-
stances normally present in the cytosol, like ATP,
cAMP, or a cocktail of phosphorylating agents to
the pipette solution [15^17]. In our experiments nei-
ther of the above contributed to reduce the presence
of run down. On the contrary, treatment of the cells
with agents known to phosphorylate proteins mark-
edly increased the rate of uncoupling between pairs
of TM3 cells (Fig. 2). In order to further investigate
this point, experiments were done using the perfo-
rated patch technique to try to minimize run down.
This maneuver reduced the spontaneous decay in
junctional conductance to less than 5%, for recording
times above 30 min (Fig. 3). This is most probably
due to a signi¢cant reduction in the exchange of
substances between cytoplasm and pipette solution.
The signi¢cant reduction in run down observed
with the use of DPPT makes this the technique of
choice to study modulation of junctional communi-
cation, specially that attained by phosphorylating/de-
phosphorylating agents, because it ensures experi-
mental conditions much closer to the physiological
state, maintaining normal intracellular levels of ki-
nases and phosphatases. A number of publications
have attributed a major role for phosphorylation/
de-phosphorylation mechanisms in the regulation of
junctional communication based on their ability to
slow run down e¡ects. Those experiments are subject
to major criticisms since the e¡ects observed under
these conditions are far from representing true phys-
iological responses of the cell. In fact, Takens-Kwak
and Jongsma [18] have shown that cGMP does not
modulate gj under DPPT, while under DWCPC it
decreases it. Most likely the later e¡ect is due to
the washout of cellular phosphatases that under
physiological conditions would bu¡er the phosphor-
ylation processes induced by cGMP.
Based on the experiments conducted in this study,
we can conclude beyond doubt, that in TM3 Leydig
cells, db-cAMP and TPA reversibly reduce gj in a
dose and time dependent manner. The e¡ect of db-
Fig. 5. Voltage dependence of Gj. The graph is a plot of the
steady-state conductance measured in response to voltage pulses
ranging from 390 mV to +90 mV in 10 mV steps. Data are
plotted according to a Boltzmann function of the type
Gnorm = Gj/(gmax3gmin) = gmin+1/[1+exp(3A(Vj3V0)] ; where Gj
is the steady-state conductance at a given voltage, gmax is the
maximum conductance measured in steady-state, gmin is the
smallest conductance measured in steady-state, V0 is the voltage
where Gnorm is equal to 50% of the maximum value, Vj is the
voltage applied through the junction and A is a slope factor
which represents the voltage sensitivity of the system. V0 is
þ 39.8 mV and A is þ 0.083 mV31. Each point represents the
mean þ S.E.M. of six di¡erent experiments.
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cAMP reported here is in general opposite to what
has been found in other cell types (for a review see
[19]), where, in the short term, cAMP enhances gj in
primary culture or freshly isolated cells expressing
Cx43 or other members of the connexin family
[20,21,22]. However, there are also reports describing
a decrease in gj shortly after cAMP treatment in cells
expressing Cx43 as the major gap junction protein
[23^27].
For TPA our results are in agreement with various
reports in the literature showing a short term de-
crease in gj [28^30]. Accordingly, 1 WM staurospo-
rine, a PKC inhibitor, enhances coupling between
cell pairs of TM3 cells. However, TPA has also
been reported to increase gj without detectable
changes in the state of phosphorylation of Cx43
[27,31,32].
The mechanisms underlying this di¡erential sensi-
tivity to cAMP and TPA are not well understood but
may be attributed to cell and tissue speci¢c regula-
tion of connexins. Nevertheless, cell speci¢c expres-
sion of di¡erent blends of connexins to form homo-
meric or heteromeric connexins that are di¡erentially
a¡ected by protein kinase activation should not be
ruled out. Ambiguity in both cases sometimes results
from the use of cell lines versus primary cultures or
freshly dissociated cells. In that regard it is interest-
ing to note that cell lines generally seem to have gj
reduced during activation of PKC [32^34]. Distinct
results have also been reported depending on the
method used to study gj as previously mentioned
[18].
In the present study however we can rule out that
the observed kinases’ e¡ects are attributable to the
methodology applied or to the fact that we used a
cell line. Under either DWCPC or DPPT we observe
decreased junctional communication after activation
of kinases A and C. Short term activation of both
kinases in preliminary experiments conducted in
pairs of freshly dissociated Leydig cells from mouse
testis also resulted in decrease in gj using DPPT (un-
published observations).
Finally, the ability of staurosporine to block and/
or reverse the action of cAMP is unusual since this
drug is known as a rather selective blocker of PKC
isoforms. This result therefore suggests that either
staurosporine is able to interfere directly with PKA
in TM3 cells or, more likely, that there is a cross-talk
between PKA and PKC isoforms in these cells, as
reported by Mukhopadhyay et al. [35].
Protein phosphorylation is known to occur in Ley-
dig cells, both as a result of stimulation of steroido-
genesis with hormones or with cAMP, forskolin and
phorbol ester [36,37]. The fact that in our case both
cAMP and TPA decreased the junctional conduc-
tance might indicate that steroidogenesis and secre-
tion require strict compartmentalization of cells, to
create high local concentrations of second messen-
gers in order to proceed optimally. In fact, stimula-
tion of the cell with LH increases not only cAMP but
also intracellular calcium, which is a requirement for
testosterone production [38]. Since calcium is known
to go through gap junctions [39], uncoupling may be
necessary to attain high enough concentrations of
this ion in the secreting cell.
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